CrN films were deposited on high-speed-steel (HSS) substrates by arc ion plating. The influence of an axial magnetic field was examined with regard to the microstructure, chemical elemental composition and mechanical properties of the films. The film chemical composition, microstructure, surface morphology, surface roughness and hardness were investigated by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscope (SEM), Surface morphology analyzer and Viker microhardness test. The results showed that the N/Cr ratio increases when the magnetic field intensity increases from 0 to 30 mT. With increasing the magnetic field intensity, the film structures change in such way: Cr2N+CrCr2N+CrNCrN. The film micro hardness increases with the magnetic field intensity.
INTRODUCTION
Chromium nitride (CrN) films possesses low friction coefficient, low wear rate and high corrosion resistance, enabling promising applications in metal forming, non-ferrous metal machining and injection molding [1] [2] [3] . CrN films have been deposited using various physical vapor deposition (PVD) processes, such as hollow cathode discharge [4] , ion beam-assisted deposition [5] , magnetron sputtering [6] and arc ion plating (AIP) [7] . A mixture of phases such as Cr, Cr+Cr2N, Cr2N, Cr2N+CrN, and CrN are generally obtained in PVD deposition processes and the appropriate selection of deposition conditions are necessary to control the microstructures and properties. The phase changes of CrN films usually depended on different deposition technique and processing parameters. Among these PVD techniques, AIP technique has shown many advantages such as high ionization, high deposition rate and low cost. However, the film surface is deteriorated by the macroparticles (MPs) pollution produced from the cathodic arc discharge during deposition, which would adversely affect the performance of the films [8] [9] [10] . Accordingly, magnetic filtering technique was successfully developed, which is an effective technique for preparing films with ultra-low roughness by using curved magnetic ducts between the cathodic arc source and the film deposition chamber to filter MPs [8] [9] . But this technique suffers from low deposition efficiency (1~20%) [11] . The reason lies in the weak magnetic field intensity (usually no more than 10 mT) used in the magnetic filtering technique, i.e. only electrons would be magnetized but ions cannot be magnetized so that the ion cyclotron radius became bigger than that of the duct radius [12] . In this case, lots of ions deposit onto the duct surface and cannot deposit on the substrate surface, as a result, the deposition efficiency was inevitably low. Compared to the curved duct-magnetic filter technique, a straight duct-magnetic filtering (SD-MF) technique is also used to deposit films due to its high deposition efficiency and simple configuration although it cannot eliminate all the MPs contamination. However, the magnetic field intensity used in the SD-MF technique could be increased to a very high value (~100 mT) so that the ion energies [13] and ion/plasma density [14] were significantly increased compared to the conventional AIP due to the plasma interaction with external magnetic field [13] .
In this present work, CrN films were deposited by a SD-MF AIP equipment to investigate the effect of the magnetic field intensity on the microstructure, composition and mechanical properties.
EXPERIMENTAL DETAILS
The SD-MF AIP system used to deposit CrN films was illustrated in our previous work [15] . The vacuum chamber had inner diameter of 350 mm and length of 450 mm, and the Cr cathode target (metallic Cr of 4N) was used to deposit CrN films. The axial magnetic field was produced by an adjustable electromagnetic coil outside the vacuum chamber parallel to the chamber walls. The axial magnetic field intensity of up to 100 mT directed parallel to the chamber axis was produced by adjusting the coil current. The value of the magnetic field intensity was measured with use of a magnetometer (SHT-V type from China). Specimens of the size of 20 mm 14 mm and 3 mm in thickness cut from a commercial high-speed-steel (HSS) W6Mo5Cr4V2 (M2) were used as the substrates. The substrates were ground, mirror polished, and then were ultrasonically cleaned in alcohol. Then they were placed on the substrate support in the vacuum chamber after being dried. A base pressure 5  10 -3 Pa in the vacuum chamber was obtained before film deposition. The Cr target was used to bombard and to sputter the substrate surface with a constant target arc current of 80 A. Ar gas partial pressure of 0.5 Pa, a dc bias of -600 V was used to clean the substrate surface, and the bombardment time was 5 min. During film deposition, the following parameters were applied: the arc source currents ICr=80 A, the total pressure 2.0 Pa (PN2: PAr=4:1), the distance between cathode arc targets and substrates 300mm, and the total deposition time 40 min. A pulsed bias of approximately 400 V with duty ratio of 40% was applied to the substrates and the pulse frequency was 40 kHz. During the deposition, the magnetic field intensity on the substrate surface was set as 0 (without magnetic field), 5, 10, 20 and 40 mT, respectively. The substrate temperature Ts was in the range of 380-430 °C.
The chemical composition was examined by X-Ray photoelectron spectroscopy (XPS, ESCALAB250), with Ar+ of sputtering voltage of 2kV for 10 min. The microstructure characterization was characterized by normal X-ray diffraction (XRD, Rigaku, Japan, D/max2400 with Cu K =0.154056 nm). The surface morphology and cross-sectional images of CrN films were characterized by S-3400N scanning electron microscopy (SEM). The deposition rate was directly measured from the SEM cross-sectional images. The surface roughness Ra was characterized by a KLA-Tencor Alpha-Step IQ surface profiler. Hardness (H) measurements were performed by using a microhardness tester with a Viker tip, the maximum applied load was 25g. In order to get rid of the non-uniformity of the films, the calculations were averaged over more than 10 measurements. Table 1 shows the chemical composition of the deposited CrN films. It can be seen that the N content increases and Cr content decreases when the magnetic field Table 1 . Chemical composition of the CrN films.
RESULTS AND DISCUSSION

Chemical Composition
intensity increases from 0 to 5 mT, with the N/Cr ration altering from 0.479 to 0.470.
When the magnetic field intensity increases to higher value, the content of Cr and N almost keep constant, with the N/Cr ration changing a little from 0.859 to 0.852. In addition, all of the CrN films are found to be sub-stoichiometric.
It was shown that nitrogen could be easily ionized when a strong axial magnetic field was applied to enhance the arc plasma during cathodic arc discharge due to extensive collision between energetic electrons and nitrogen gas [16] . In this case, the higher N ions density with higher energies in arc plasma will be obtained due to the higher magnetic field intensity [17] . When magnetic field intensity was low (0 to 5 mT), many particles such as electrons, metal ions neutral atoms and macroparticles did not react sufficiently with N ions with low density before depositing on the substrates due to low axial magnetic field intensity, and thus the Cr content was high and the N content was relatively low in the films. When the magnetic field intensity increased further to a higher value higher than 10 mT, the N ions with high density would react sufficiently with the particles, and the superfluous N atoms could squash into the octahedral interstitial position of CrN structure. Thus the N content in the films would be significantly increased and the N/Cr ration could be increased to a saturated value.
Microsturcture
Fig . 1 shows the XRD patterns of the CrN films deposited at different magnetic field intensity. It can be seen that the phase structures of the films are composed primarily of the B1-NaCl structured CrN phase, mixed with HCP-Cr2N and BCC-Cr phases. For the film deposited at the magnetic field intensity of 0 mT (without magnetic field), the main phase is Cr2N mixed with a few of Cr phase. With the increase of the magnetic field intensity (5 mT), the content of CrN phase in the film increases, but the main phase is also Cr2N phase. For the CrN phase, CrN (111) and (200) diffraction peak exists, and the relative intensity of diffraction lines of (200) is much higher than that of (111). When the magnetic field intensity increases further to higher values (from 10 to 30 mT), the film is mainly consisted of CrN phase and the diffraction peak of CrN phase in preferential orientation (220) is observed. Under the condition of external magnetic field, the film structures change in such way: Cr2N+CrCr2N+CrNCrN. Such changes are obviously influenced by the external magnetic field. The arc ion plating can produce energetic and highly ionized flows of low-temperature plasma. When an axial magnetic field is exerted to the cathodic arc, ion energies [13] and ion/plasma density [14] were significantly increased compared with the conventional arc ion plating because the magnetic field will produce interaction with the plasma [13] . In this case, the synthesis reaction between metal and non-metal atoms would be conducive to compound film form-ation with the increase in the magnetic field intensity, which is benefit for CrN phase formation [18] .
The intensity of the (220) diffraction line of CrN increases with the magnetic field intensity. Higher atom mobility caused by increased magnetic field intensity would be responsible for the change of texture. This is also observed from the results of Warcholinski et al. [19] , in which CrN films were deposited by arc ion plating and a preferred orientation change from (111) to (220) diffraction line was observed with the increase of negative bias voltage. In addition, apparent XRD peak broadening and negative shifts can be detected, which is the effect of decreasing grain size and negative residual stresses in these films, similar to the results of Wan et al. [3] and Wang et al. [20] .
Chemical Bonding
The XPS spectra of Cr 2p3/2 and N 1s are shown in Fig. 2 . The Cr 2p3/2 binding energies for Cr, CrN and Cr2N are 574.3 eV [21] , 575.8 eV [22] and 574.8 eV [23] , respectively. The N 1s binding energy for CrN is 396.8 eV, for Cr2N is 397.4 eV [22] . When magnetic field intensity increases from 0 to 30 mT, the N 1s peaks move to the low binding energy side, while the Cr 2p3/2 peaks move to the high binding energy. It indicates that increasing magnetic field intensity tends to improve the formation of CrN phase and restrict the formation of Cr and Cr2N phases. The similar results were obtained by increasing N2 pressure during CrN films deposition by using the same arc ion plating technique [3] . Fig. 3 presents the influence of magnetic field intensity on microhardness of the CrN films. The result shows that the microhardness of the film increases linearly with the increase of magnetic field intensity. A number of factors would be responsible for this variation: (i) solid-solution strengthening by N atoms [24] ; (ii) multiphase film with hardness lower than that of single phase film [24] [25] ; (iii) variations in film density and grain size, and (iv) crystallographic direction. It seems that the trends in the microhardness for the CrN films arise from factor (i), (ii) and (iii). With increasing magnetic field intensity, the amount of nitrogen in solid solution in the chromium lattice increased; the results of Tian et al. [26] showed that the composition deviation of film from stoichiometry will change Fermi energy and the energy of bonding and antibonding electron in the d-band of the material. It can be seen that the N content in the films increases with the magnetic field intensity. More importantly, the composition of the films is more close to stoichiometry with the increase of magnetic field intensity, which will be responsible for increase the film hardness values. In addition, the composition deviation could further influence the bonding strength in the material, which will be responsible for the phenomenon that the hardness of multiphase film is slight lower than that of single phase film.
Microhardness
Hexagonal chromium nitride Cr2N shows a higher hardenss than the cubic chromium nitride CrN [24] . The films obtained with the magnetic field intensity of 5 mT should have a higher hardness, due to the presence in CrN film also Cr2N phase. However, the hardness of such a film is lower than the films (presence of mainly CrN phase) obtained at magnetic field intensity higher than 10 mT. This present results are similar to the results of Ovcharenko et al. [27] .
The films deposited at low magnetic field intensity are characterized by a lot of small macroparticles on their surface [19] . These particles which are generally metallic chromium droplets cause relatively low hardness of the films. When the magnetic field intensity increases, the number of macroparticles decreases and the film structure becomes compact, resulting in the hardness increase.
CONCLUSIONS
CrN films were deposited on high-speed-steel (HSS) substrates by arc ion plating. The axial magnetic field has much effect on the chemical composition, microstructure, surface morphology and hardness of the CrN films. The N content increases and Cr content decreases when the magnetic field intensity increases from 0 to 30 mT. All of the CrN films were found to be sub-stoichiometric. Higher magnetic field intensity would be benefit for the CrN phase formation. With increasing the magnetic field intensity, the film structures change in such way: Cr2N+CrCr2N+CrNCrN. The film hardness increases linearly with the magnetic field intensity and the reason is ascribed to the mixed effect of solid-solution strengthening by N atoms and increased compactness of the films.
